Study design: A cross-sectional analysis. Objective: To examine whether intramedullary stress is related to the appearance of symptoms in cervical spondylotic myelopathy (CSM). Setting: Japan. Methods: Thirty-three consecutive patients with CSM and 30 consecutive patients without CSM were enrolled. A total of 99 disc levels from C3 to C6 in 33 patients with CSM were divided into two groups: 33 disc levels with high signal intensity (HSI) on T2-weighted magnetic resonance image (HSI group) and 66 disc levels without HSI (Non-HSI group). Ninety disc levels from C3 to C6 in patients without CSM were set up in a control group. Intramedullary stress value at each level was analyzed using the finite element method. Stress was compared among the three groups. A cutoff value of stress to present HSI was investigated from receiver operator characteristics (ROC) curve. Results: In all the patients with CSM, the disc level with HSI presented the highest stress among the three disc levels evaluated. The stress was 3.16 ± 0.86 kPa (mean ± s.d.) in the HSI group, 1.81 ± 0.72 kPa in the Non-HSI group and 1.01 ± 0.37 kPa in the control group. The stress differed significantly among the three groups (Po0.0001). The qualified cutoff value derived from the ROC curve was 2.30 kPa (sensitivity 78.8%, specificity 91.9%). None of the disc levels in the control group exceeded 2.30 kPa. Conclusion: HSI was strongly associated with intramedullary stress. Threshold of intramedullary stress to present HSI that related closely to the symptoms of myelopathy was revealed.
INTRODUCTION
In patients with cervical spondylotic myelopathy (CSM), symptoms are attributed to compression of the spinal cord due to spinal canal stenosis. However, compression of the spinal cord does not always induce symptomatic myelopathy. It is observed in 7.6-26% of asymptomatic subjects. 1, 2 Numerous factors that contribute to the onset of cervical myelopathy have been reported, including intramedullary ischemia due to mechanical distortion of the spinal cord, 3 a pincer effect, 4 developmental canal stenosis, 5 watershed area of the spinal cord 6 and repeated minor trauma presumed by the pathophysiological similarity to solidtype spinal cord injuries. 7 However, biomechanical influence on the neural tissue damage remains inadequately understood.
Ozawa et al. 8 reported that the distribution of pathological changes in a unilateral spinal cord compression model using rabbits is compatible with the stress distribution drawn from the finite element method (FEM) model. Also, there have been several reports that show the significance of intramedullary stress to the pathogenesis of CSM by biomechanical simulations of cervical spinal cord compression using FEM. [9] [10] [11] However, there has been no research that clinically examines the relationship between neurological condition and intramedullary stress distribution in actual patients with CSM.
In the present study, we examined whether intramedullary stress was related to exhibiting symptoms of cervical myelopathy. The shapes of the spinal cords were extracted from magnetic resonance imaging (MRI). Intramedullary stress values at disc levels with and without high signal intensity (HSI) on T2-weighted MRI image (T2WI) were analyzed using the FEM in patients with CSM and controls. In addition, postoperative intramedullary stress values were analyzed.
PATIENTS AND METHODS Patients
Thirty-three consecutive patients (21 males and 12 females) with CSM who underwent Kurokawa's laminoplasty at one hospital were evaluated. These patients had been participants of another study designed as a prospective study. 12 All patients with CSM clinically presented transverse lesion syndrome consisting of bilateral motor and sensory deficits of the upper and lower limbs with exaggerated knee and Achilles jerks. These patients underwent preoperative MRI and then postoperative MRI 2 weeks after surgery. The mean age of the patients was 62.1 ± 11.0 (mean ± s.d.) (95% confidence interval: 58.2-66.0) years.
HSI in the spinal cord on T2WI in patients with CSM is often seen at the most severely compressed intervertebral disc level. It is thought to reflect the degeneration of the neural tissue and closely linked to the appearance of symptoms. 13 All patients presented HSI in any of the three disc levels of C3-4, C4-5 and C5-6 on T2WI. The disc levels with HSI were at C3-4 in six cases, at C4-5 in 13 cases and at C5-6 in 14 cases. A total of 99 disc levels from C3 to C6 in 33 patients were divided into two groups: 33 disc levels with HSI (HSI group) and 66 disc levels without HSI (Non-HSI group).
Thirty patients (18 males and 12 females) who underwent cervical MRI for reasons other than myelopathy were enrolled in this study, and 90 disc levels from C3 to C6 were set up as a control group. The mean age of the control patients was 62.1 ± 13.0 (mean ± s.d.) (95% confidence interval: 57.3-66.9) years. All patients with CSM had spinal cord compression at least in one disc level, and some of them had multi-level compression on MRI, while patients in the control group had no obvious spinal cord compression. None of the disc levels in the control group presented HSI on T2WI.
Methods
Intramedullary stress analysis using the FEM Extracting the shape of the spinal cord. In each case, a midsagittal T2WI image taken 1 month before surgery was scaled up five times on a tablet (Cintiq 12WX, Wacom, Japan). The anterior and posterior margins of the spinal cord from the inferior margin of the vertebral body of C2 to the inferior margin of the vertebral body of C7 were marked manually with dots at intervals of approximately 1 mm. The coordinate data of these dots were measured using ImageJ software (National Institutes of Health, NIH, Bethesda, MD, USA; Figure 1 ). The anterior and posterior margins were approximated by spline curves made from the coordinate data. The shape of the spinal cord was determined by combining the spline curves of the anterior and posterior margins.
FEM analysis. A straight line model made by connecting the cranial and caudal corners of the spinal cord approximated by the spline curves was constructed with 4000 two-dimensional eight-node elements (Figure 2a ). Both the cranial (top) and caudal (bottom) edges of the model were constrained in all the directions. Then, the fixed displacement obtained from the spinal cord shape was imposed on the straight line model (Figure 2b) , and the stress distribution was quantified as the von Mises equivalent stress using Ansys 11.0 software (Ansys Ver. 11, Ansys Inc., Canonsburg, PA, USA) (Figure 2c ). The initial modulus of elasticity of 5 kPa and Poisson's ratio of 0.49 of the spinal cord were applied, based on a previous study. 14 The area from the middle of the vertebral body of C3 to the middle of the vertebral body of C4 was defined Intramedullary stress on cervical myelopathy K Takahashi et al as the C3-4 disc level. The C4-5 and C5-6 disc levels were similarly defined.
The maximum stress value at each disc level was defined as the stress at that segment.
Statistical analysis
1. Stress was compared among the HSI group, the Non-HSI group and the control group using the Tukey-Kramer Honestly Significant Difference test. 2. A total of 189 disc levels in the three groups were analyzed from receiver operator characteristics (ROC) curve, and the cutoff value of stress to present HSI was investigated. 3. Preoperative and postoperative stress values of the HSI group were compared using the paired t-test.
All analyses were performed using the statistics software JMP Pro 9.0.0 (SAS Institute Inc., Cary, NC, USA). A P-value of o0.05 was considered to be statistically significant. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
Illustrative case
The patient was an 82-year-old male. The disc level presenting HIS was C4-5. The highest intramedullary stress was demonstrated in the C4-5 disc level (C3-4: 1.7 kPa, C4-5: 2.9 kPa and C5-6: 0.7 kPa; Figure 3a) . The intramedullary stress at each disc level was clearly reduced after posterior decompression surgery (C3-4: 1.3 kPa, C4-5: 1.0 kPa and C5-6: 0.5 kPa; Figure 3b ).
RESULTS

1.
In all the patients with CSM, the disc level with HSI presented the highest stress among the three disc levels evaluated. The stress was 3.16 ± 0.86 kPa (mean ± s.d.) in the HSI group, 1.81 ± 0.72 kPa in the Non-HSI group and 1.01 ± 0.37 kPa in the control group. The stress in the disc level with HSI was significantly highest among the three groups (Po0.0001; Figure 4 ). 2. The ROC curve is shown in Figure 5 . The area under the curve (AUC) was 0.95. The qualified cutoff value to cause the HSI was 2.30 kPa (sensitivity 78.8%, specificity 91.9%). There was no disc level presenting high intramedullary stress 42.3 kPa without spinal cord compression on MRI. None of the disc levels in the control group exceeded 2.30 kPa. 3. The preoperative stress in the HSI group was 3.16 ± 0.86 kPa, and the postoperative stress was down to 1.38 ± 0.43 kPa. It reduced significantly after the surgery (Po0.0001; Figure 6 ). Figure 3 On the preoperative midsagittal T2WI image, the intramedullary stress distribution was analyzed (a). The C4-5 disc level presented the highest stress. Likewise, postoperative stress was analyzed from midsagittal T2WI image (b). The stress at the C4-5 disc level reduced markedly. Figure 4 The stress was largest in the HSI group. The stress differed significantly between any two groups. 
DISCUSSION
Regarding the pathophysiology of CSM, chronic and repeated injuries to the spinal cord are caused by both static and dynamic mechanical factors. The combination of these factors affects the spinal cord through both direct trauma and ischemia. 15 Mechanical factors lead to the development of spinal cord deformities, inducing morbid stress distribution. Several reports have been published regarding the intramedullary stress analysis of the axial plane of chronically compressed spinal cords using FEM. 10, 16 However; these analyses were not performed in patients with CSM, and did not evaluate the relationship with clinical symptoms. The present study revealed that higher levels of intramedullary stress have a critical influence on the onset of CSM and clarified the cutoff value for stress related to exhibiting symptoms. Therefore, intramedullary stress is a highly important factor for understanding the pathophysiology of CSM.
In the present study, the stress in in the HSI group was significantly highest among the three groups. Intramedullary signal change on MRI is generally considered to reflect nerve tissue degeneration. 13 In addition, several authors have described that the level of HIS on T2WI was deemed responsible for symptoms. 17, 18 In the present study, HSI was strongly associated with intramedullary stress. Thus intramedullary high stress due to spinal cord compression was considered to induce nerve tissue damage, resulting in the onset of CSM.
Compression of the spinal cord is observed in 7.6-26% of asymptomatic subjects. It is not easy to evaluate whether compression of the spinal cord is symptomatic. The cutoff value to present HSI was 2.30 kPa in the present study. No disc level in the control group exceeded this cutoff value. We considered, therefore, that a threshold of intramedullary stress to present symptoms of myelopathy actually existed. That is, when the intramedullary stress reaches to some extent, neurological dysfunction should become obvious.
In the present study, we analyzed the intramedullary stress of the patients with CSM from sagittal image. A stress analysis of sagittal MRI images reflects both the spinal cord compression and sagittal alignment of the spinal cord, which cannot be expressed on axial images. The sagittal alignment of the cervical spine has a potent effect on the prognosis of CSM. 19 The method of analysis of the sagittal plane implemented in the present study was considered to have an advantage for investigating the pathological conditions of the spinal cord.
There were several limitations to the present study. First, an accurate measurement of stress could not be obtained in cases of extreme paramedian compression, because the stress measured in the present study was determined from midsagittal images. Apparent spinal cord deformities, however, were observed on midsagittal images in most cases of symptomatic paramedian compression. A three-dimensional analysis should be the next target. Second, sagittal images obtained in the neutral position were used in the present study. The cross-sectional area of the spinal cord in patients with CSM was decreased under extension of the cervical spine. 20 When images obtained under extension of the cervical spine are analyzed, the intramedullary stress would be estimated to increase.
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